We present a novel Affleck-Dine scenario for the generation of the observed baryon asymmetry of the Universe based on the non-trivial interplay between quintessential inflationary models containing a kinetic dominated post-inflationary era and a non-minimally coupled U (1) field with a weakly broken B − L symmetry. The non-minimal coupling to gravity renders heavy the Affleck-Dine field during inflation and avoids the generation of isocurvature fluctuations. During the subsequent kinetic era the Ricci scalar changes sign and the effective mass term of the Affleck-Dine field becomes tachyonic. This allows the field to dynamically acquire a large expectation value. The symmetry of the Affleck-Dine potential is automatically restored at the onset of radiation domination, when the Ricci scalar approximately equals zero. This inverse phase transition results in the coherent oscillation of the scalar field around the origin of its effective potential. The rotation of the displaced Affleck-Dine field in the complex plane generates a non-zero B − L asymmetry which can be eventually converted into a baryon asymmetry via the usual transfer mechanisms.
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I. INTRODUCTION
One of the open issues in modern particle physics and cosmology is the origin of the observed matter-antimatter asymmetry of the Universe at temperatures below the MeV scale. This asymmetry is traditionally quantified in terms of the so-called baryon-to-entropy ratio [1] Y B ≡ n B s = (0.861 ± 0.008) × 10 −10 , (1.1)
with n B ≡ n b − nb, n b(b) the number density of (anti)baryons and s the entropy density. The exponential dilution during inflation of any initial baryon asymmetry calls for a dynamical generation of the ratio Y B at some point between the end of inflation and big bang nucleosynthesis. Although the Standard Model of particle physics has in principle all the ingredients for generating a baryonic asymmetry during the electroweak phase transition [2] , it cannot produce a sufficiently large baryon-toentropy ratio [3] [4] [5] [6] [7] . It seems therefore likely that the generation of this quantity is associated to some new physics beyond the Standard Model. Among the different baryogenesis mechanisms proposed in the literature [8] [9] [10] [11] [12] [13] , the Affleck-Dine (AD) scenario [14, 15] is particularly interesting, since it can be easily implemented in many beyond the Standard Model extensions involving coherent scalar fields. The AD mechanism was initially formulated in the context of supersymmetric field theories [14, 15] . One of the key ingredients of this proposal is a complex scalar field χ charged under a weakly broken U (1) B−L symmetry and displaying a sufficiently large (coherent) vacuum expectation value at early times. In the conventional scenario, the initial displacement of the field is generated by a negative Hubble-induced mass term −c H 2 χ † χ, typically associated with supergravity effects and present during both the inflationary and radiation-dominated eras. This tachyonic mass term leads to spontaneous symmetry breaking and the associated appearance of a Goldstone mode. If not suppressed, the fluctuations of this massless degree of freedom during inflation might produce isocurvature fluctuations, posing a challenge to the implementation of the Affleck-Dine mechanism within large-field inflationary scenarios [16] [17] [18] . The expansion of the Universe after inflation leads to the evanescence of the Hubble-induced mass term −c H 2 χ † χ, which eventually becomes comparable to the soft/bare mass of the AD field. When that happens, the radial component of the AD field starts oscillating around the origin of its effective potential and its phase acquires a non-trivial dynamics. The dependence of the B − L charge density on the phase velocity translates into the generation of a net B − L asymmetry, which is eventually converted into a baryon asymmetry. Several variations of the AD mechanism have been proposed in the literature [19] [20] [21] [22] .
In this paper, we put forward a novel AD scenario based on the interplay between non-oscillatory quintessential inflationary models and a non-minimally coupled AD field with a weakly broken U (1) B−L symmetry. In contrast with the standard AD mechanism, the non-minimal coupling to gravity renders heavy the AD field during the inflationary epoch and confines it to the origin of its effective potential. This prevents the generation of sizable isocurvature perturbations. A non-zero expectation value for the AD field is only generated after the end of inflation, where the absence of a potential minimum for the inflaton field leads to a kinetic dominated expansion with negative Ricci curvature. The change of sign of the scalar curvature translates into the appearance of a negative Hubble-induced mass for the non-minimally coupled AD field, which evolves towards a large expectation value. At the onset of the hot Big Bang era the Ricci scalar vanishes and the non-minimal coupling to gravity effectively disappears. When that happens, the origin of the AD potential becomes again the true mini-mum and the AD field eventually starts spiraling in the complex plane, creating a non-zero B − L charge density. The subsequent evolution of this quantity and its eventual transfer to the Standard Model particles depends on the particular embedding of the AD field on beyond the Standard Model scenarios. This paper is organized as follows. In Section II we review the quintessential inflationary paradigm with special emphasis on the behavior of the Ricci scalar during the different cosmological epochs. The effect of quintessential inflation on the evolution of a nonminimally coupled AD field is discussed in Section III. Section IV contains estimates for the generated B − L charge density as a function of the model parameters. In Section V we draw our conclusions.
II. QUINTESSENTIAL INFLATION
Quintessential inflation employs a single degree of freedom to provide a unified description of inflation and dark energy [23] [24] [25] [26] [27] [28] [29] [30] . The simplest realizations of this paradigm make use of a canonical scalar field φ with Lagrangian density
where M P = (8πG) −1/2 is the reduced Planck mass and R is the Ricci scalar. We will refer to this inflaton/quintessence field as cosmon [31] . The cosmon potential U (φ) is taken to be a non-oscillatory or runaway potential, like the one typically appearing in quintessence and variable gravity scenarios [26, 30, [32] [33] [34] [35] . The scalar field φ is assumed to be initially displaced at large field values, allowing for inflation with the usual chaotic initial conditions. With a canonical kinetic sector, 1 a given model within the quintessential inflationary paradigm is specified by a choice of the potential. Several forms of U (φ), varying from polynomial [23] to exponential [24-26, 28, 30] or hyperbolic potentials [27] , have been considered in the literature. Although different shapes give rise to different predictions for the inflationary observables and the dark energy equation-of-state parameter, the global evolution of the Universe in these models admits always a universal description in terms of the behaviour of the Ricci scalar at the different cosmological epochs.
For a general Friedmann-Lemaître-Robertson-Walker background evolution with constant equation-of-state parameter w, the Ricci scalar takes the form
During the inflationary stage, the effective equation of state is very close to that associated to a de Sitter expansion, w = −1, and R is positive definite,
Inflation ends when the slow-roll conditions are violated.
In the absence of a potential minimum the system enters a kination or deflation period [24] in which the total energy budget of the Universe is dominated by the kinetic energy density of the cosmon field. During this regime the effective equation of state approaches w = 1 and the Ricci scalar changes sign,
The kinetic domination regime has to end before big bang nucleosynthesis. In order for this to happen, the energy density of the cosmon must be transmitted to the Standard Model particles in one way or another. Note, however, that, contrary to what happens in oscillatory models of inflation, the decay of the inflaton field does not need to be complete. Even if the energy density of the created particles is initially very small, it will eventually dominate the background evolution due to the rapid decrease of the cosmon energy density during kination domination (ρ φ ∼ a −6 ) as compared to the radiation component (ρ R ∼ a −4 ). Several heating mechanisms for quintessential inflationary models have been proposed in the literature [23, 30, [39] [40] [41] [42] [43] [44] [45] . The simplest one is based on gravitational particle creation [24, 39, 40] . Non-conformally coupled scalar fields -such as the Higgs field, the cosmon or those appearing in beyond the Standard Model extensions such a grand unification -are inevitably produced in an expanding Universe, provided that they are light enough as compared to the instantaneous Hubble rate. If allowed to interact after production, these scalars lead to a thermal bath and the consequent onset of radiation domination. In spite of its simplicity, this gravitational heating mechanism cannot be considered satisfactory, since it typically requires the existence of a large number of light scalar fields [30] , which may lead to dangerous effects such as the generation of large isocurvature perturbations or the appearance of secondary inflationary periods [41] . These problems can be avoided by introducing direct couplings among the cosmon field and the matter sector. A highly efficient mechanism within this category is the so-called instant heating mechanism [41] . In this scenario, the inflaton field φ is coupled to some scalar field X, which is itself coupled to fermions via Yukawa-type interactions. The growth of the masses of the X particles due to the runaway cosmon field amplifies their energy density and their decay probability into fermions, leading to an almost instantaneous radiationdomination onset. Of course, the "instant feeding" of the created particles is not a necessary condition and slower heating stages interpolating between gravitational and instant heating scenarios can be easily constructed [30] .
In order to stay agnostic about the precise entropy creation process, we will parametrize the particle production after inflation by a heating efficiency parameter [30] 
with ρ kin φ and ρ kin R denoting the energy density of the cosmon and the heating products at the onset of kinetic domination. We assume for simplicity that entropy production takes place instantaneously at that time and neglect any subsequent particle creation. The typical values of Θ per degree of freedom vary between Θ ∼ 10 −27 in gravitational heating scenarios 2 [23, 39, 40] and Θ ∼ O(1) in heating scenarios involving matter fields [30, 41] .
3 At the early stages of kinetic domination, the energy density in radiation is still subdominant and does not significantly modify the background evolution. We can take into account the scaling of the different energy components to compute the ratio ρ R /ρ φ at any given time during this period in terms of the heating efficiency Θ,
(2.6)
In particular, we can use Eq. (2.6) at the beginning of radiation domination epoch, where
The heating efficiency (2.5) can be related to the radiation temperature T rad at a = a rad . This temperature is defined as
with g rad * the number of relativistic degrees of freedom at that temperature. Taking into account Eq. (2.7), we can write with Table I ). Below this temperature, the effective equation of state approaches the radiation value w 1/3 and the Ricci scalar vanishes,
The subsequent background evolution of the Universe proceeds according to the usual hot big bang picture, see for instance Ref. [30] . During the first stages of radiation domination the scalar field φ freezes to a constant field value, which translates into a substantial decrease of its kinetic energy density and the resurgence of its potential counterpart. Once the energy density of the scalar field re-approaches the decreasing energy density of the radiation fluid, the evolution of the system settles down to a scaling solution in which the scalar energy density tracks the dominant energy component. 4 An exit mechanism from this tracking regime, leading to a dark energy dominated era, can be easily implemented in several beyond the Standard Model extensions [48, 49] .
III. NON-MINIMALLY COUPLED AFFLECK-DINE FIELD
In order to study the interplay between baryogenesis and quintessential inflation we must specify the couplings between the cosmon field φ and the field(s) associated to some relevant global symmetry, such as the baryon number (B) or the baryon number minus the lepton number (B − L). Several scenarios involving explicit couplings among these species has been proposed in the literature [50] [51] [52] (see also Ref. [13] ). In this work we take an alternative approach and construct an AD baryogenesis scenario involving only (indirect) gravitational interactions between the cosmon and the AD field. More precisely, we assume the existence of a subdominant U(1) B−L field χ with Lagrangian density
on top of the cosmon Lagrangian density (2.1). The effective potential for this field takes the form
with m 2 χ a bare mass parameter and ∆V some set of B − L symmetric higher-order terms that will play no essential role in our discussion. The A term in Eq. (3.2) accounts for a non-minimal coupling of the AD field to gravity The global U(1) B−L symmetry in Eq. (3.1) is associated with a conserved charge density
where q is the B − L charge and we have made use of a polar representation χ = 1 √ 2 e iθ . Equation (3.5) can be interpreted as the angular momentum of the Affleck-Dine field. Taking the derivative of this equation and using the equation of motion for θ,
we can derive the conservation equation
In order to generate the baryon asymmetry (1.1) this conservation law must be violated. To this end one has to introduce explicit symmetry-breaking terms on top of the AD potential (3.2). Let us assume for concreteness that these operators take a polynomial form of order n. Making use of the polar representation of the AffleckDine field, these terms can be generically written as
with 0 and θ 0 the modulus and phase of a complex symmetry-breaking parameter ≡ 0 e iθ0 , Λ a given cutoff scale and n ≥ 4. For consistency, we assume 0 to be small. Note that this condition is technically natural [54] . The correction (3.8) translates into an effective potential term for θ in Eq. (3.6),
with the prime denoting derivative with respect to θ. As before, Eq. (3.9) can be alternatively written in terms of the B − L charge density (3.5),
This simple differential equation can be formally integrated to obtain the baryon number at a given cosmic time,
(3.11) As expected, the generation of a B − L asymmetry is related to the explicit symmetry-breaking parameter 0 and approaches zero in the 0 → 0 limit.
IV. QUINTESSENTIAL BARYOGENESIS
Let us consider the evolution of the non-minimally coupled AD field during the cosmological history presented in Section II. A sketchy illustration of the following discussion is presented in Fig. 1 .
During the inflationary stage (w = −1), the A term in Eq. (3.2) is positive definite and the AD field is confined to the origin of its effective potential. In the absence of spontaneous symmetry breaking the two real modes in this complex field are massive. Note that this differs from the usual Affleck-Dine scenario in which the symmetry of the potential is spontaneously broken during inflation. In that case, one of the two components of the Affleck-Dine field becomes a massless Goldstone boson and experiences Brownian motion during inflation, leading to the generation of isocurvature fluctuations and to restrictions on the energy scale of inflation [17] . This limitation is absent in our scenario. In order to avoid the generation of large isocurvature fluctuations we must simply require the effective mass of the AD field to exceed the Hubble rate during inflation. Taking into account Eq. 
where we have made use of Eq. (2.4) with H = 1/(3t). This differential equation admits an exact analytical solution containing a growing and a decaying mode. Taking into account the typical fluctuations of the AD field at the onset on kinetic domination, kin = √ 6ξH kin /(2π) and˙ kin = H kin kin [55] , and neglecting the decaying mode, we obtain (a)
The growth of the AD field will continue till the moment in which the field finds the minimum generated by the higher order terms ∆V in Eq. (3.2) or till the onset of the radiation dominated era, where the Hubble-induced mass term in Eq. (3.2) disappears and the symmetry of the AD potential is restored. In what follows we will focus on the second scenario. In this case, the maximum excursion of the AD field is determined by Eq. (4.3). Taking into account Eq. (2.7) we can write the value of the AD field at the onset of radiation domination as
In order to ensure a small backreaction effect on the background evolution we require the non-minimal coupling correction to the Planck mass and the energy density of the AD field to stay small, namely
with ρ rad and ρ rad R the energy densities of the field and the radiation component at that time. These two conditions translate into a consistency relation involving the non-minimal coupling ξ and the heating efficiency Θ,
H kin 10 7 GeV , (4.6) which can be easily satisfied for moderate ξ values and not too small heating efficiencies. Typical values of ξ and Θ leading to a maximum 1% backreaction of the AD field on the background dynamics are shown in Table I . If the curvature of the AD potential at symmetry restoration is sufficiently large as compared to the Hubble rate at that epoch (m χ ∼ H rad ), the AD field will immediately start oscillating around the origin of its effective potential. In this case, we can derive a consistency relation among the bare mass parameter m χ , the heating efficiency Θ and the Hubble rate at the onset of kinetic domination H kin ,
5 In this approximation, there is no practical difference between analyzing the problem in the non-minimally coupled frame (3.1) or in the Einstein frame in which the gravitational part of the action takes the usual Einstein-Hilbert. Indeed, by performing a conformal transformation gµν → Ω −2 gµν with conformal factor Ω 2 = M 2 P (1 − ξρ 2 /(M 2 P )) one obtains an Einstein-frame action coinciding with the original one, up to a set of highly suppressed higher-dimensional operators.
If, on the contrary, the curvature of the AD potential at symmetry restoration is not sufficiently large (m χ < H rad ), the AD field will stay frozen at its restoration value (4.4) for
e-folds and will start oscillating afterwards. In this case, the consistency relation (4.7) is lost. The rotation of the AD field χ in the complex plane with a large amplitude rad translates into the generation of a non-zero B−L charge density via Eq. (3.10). In order for the mechanism to be efficient, the right-hand side of Eqs. (3.9) and (3.10) must be active when the AD field starts oscillating. If the effective mass of the θ field, 9) is smaller than the Hubble rate at that time (m θ < H osc ), the phase will not evolve when the amplitude of is still large enough to generate a significant B − L asymmetry. We are left therefore with a scenario in which m θ is commensurable to H osc , namely
with
This condition translates into a fine-tuning of the dimensionless coupling 0 . The temporal scale for B − L generation is of the order the inverse Hubble parameter at the onset of oscillations, H −1 osc . Soon after this time the amplitude of drops down due to the expansion of the Universe and the explicit B − L symmetry-breaking terms in Eqs. (3.9) and (3.10) become irrelevant, ensuring the conservation of the created charge density. The short duration of the B − L generation process allows us to obtain an analytic solution for Eq. (3.10). Approximatingṅ B−L ≈ H osc n B−L [56, 57] , we get
This quantity should be understood as a local value of the B − L number density within a given causal patch.
Whether a global asymmetry is generated or not depends on the precise form of the explicit symmetry-breaking operators. One of the simplest possibilities would be to consider a Z 4 symmetric term
For this type of operator we have F (θ, θ 0 ) = sin(4θ + θ 0 ) and the vacuum manifold does not select a preferred value for θ prior to symmetry restoration. This conclusion is unchanged if one replaces the Z 4 symmetry by a Z n symmetry or if one takes into account loop corrections. The discrete Z n symmetry forbids the generation of non Z n -symmetric operators, such as (χ † χ n−1 +χχ †n−1 ). Only Z n -symmetric higher-order operators such as λ 2 (χ †2n + χ 2n )/(M 2 P + 2ξχ † χ) 2 can be generated by loop effects [58] . In this case, even if an asymmetry can be locally generated, one should expect an almost zero global asymmetry and therefore no successful baryogenesis. 6 We emphasize that this is not a particular limitation of our scenario, but rather a generic feature of any post-inflationary Affleck-Dine mechanism involving a spontaneous symmetry-breaking potential, as that considered for instance in Refs. [19, 20] .
In order to generate a non-vanishing global asymmetry one could consider, for instance, non Z n -symmetric operators with odd n leading to a preferred value for the θ field. Since n B−L ∝θ (cf. Eq. (3.5)), it is also necessary that the number of clockwise configurations when all causal patches are taken into account exceeds the number of anticlockwise configurations (or the other way around). For this to happen, the ground state of the system prior to symmetry restoration should be approached in an asymmetric way. This can be achieved by a combination of non Z n -symmetric operators with complex coefficients n . If the mass of the θ field slightly exceeds the Hubble rate before symmetry restoration, the AD field will explore the instantaneous minima associated to the dominant symmetry-breaking operator at a given . If the complex coefficients n are different, the instantaneous minima in the θ direction will not be perfectly aligned for all values of . In that case, the dynamics of the phase will be dominated by a classical driving force. This will generate a non-zero "bulk" velocity for the θ field on top of its stochastic motion, such that when the symmetry is restored the number of clockand anticlock-wise configurations will be generically different and a non-vanishing global asymmetry can be generated. Determining the precise phase dynamics would require the specification of the particular set of non Z nsymmetric operators and probably the use of numerical simulations. We postpone this detailed analysis to a future work and provide here just an order of magnitude estimate for the global B − L asymmetry. To this end, we will assume a generic value F (θ rad , θ 0 ) ∼ f , with f representing the level of asymmetry in the phase distribution prior to symmetry restoration. Under this assumption Eq. (4.12) can be understood as an equation for the global B − L asymmetry. Assuming m θ ∼ O(H osc ), we obtain the estimate 14) with H osc given by Eq. (4.11), β ≡ 2/(n − 2) and γ ≡ (n − 4)β. Dividing the B − L charge density (4.14) by the entropy density of the radiation component.
we can define the dimensionless ratio
Note that since both n B−L and s decrease as a −3 as the universe expands, Y B−L takes a constant value as long as no further entropy production takes place. At this point we can consider two scenarios, associated to the two cases in Eq. (4.11) . If the bare mass of the AD field is commensurable with the Hubble rate at the onset of radiation domination, m χ ∼ H rad , we have a osc a rad and H osc H rad . In this case the dimensionless ratio Y B−L can be written as
If instead the mass of the AD field is smaller than the Hubble rate at the onset of radiation domination, m χ < H rad , the dimensionless ratio Y B−L becomes Taking into account these prototypical values we can estimate the displacement rad and the non-minimal coupling needed to achieve it before symmetry restoration. Using Eqs. (4.4) and (4.10) we obtain a sub-Planckian field value rad ∼ 10 −9 M P and a non-minimal coupling ξ ∼ O(1), in good agreement with the consistency relations (4.1) and (4.6).
In order to generate a baryonic asymmetry, the created B − L asymmetry must be first transferred to the lefthanded Standard Model particles. The generation of this primordial leptonic asymmetry can take place through a variety of processes that depend on the particular embedding of the AD field on beyond the Standard Model scenarios. A potential transferring mechanism involving the neutrino portal operator [60, 61] was identified in Ref. [19] . Once the leptonic asymmetry is produced, the sphaleron effects operating above the electroweak scale will reprocess and convert it into a non-zero baryonic number [62] [63] [64] .
V. CONCLUSIONS
Quintessential inflation is a rather minimalistic paradigm involving a single degree of freedom, the cosmon, for explaining both the inflationary epoch and the dark energy dominated era. In this work, we have put forward a novel way of generating the baryon asymmetry of the Universe in this type of models. Contrary to other proposals in the literature, our mechanism does not make use of any direct coupling among the cosmon and the field(s) carrying baryon-lepton number. In the spirit of the original Affleck-Dine mechanism, we only consider indirect couplings among these species. In particular, we assumed the existence of a subdominant non-minimally coupled scalar field with a weakly broken U (1) B−L symmetry. This Affleck-Dine field couples then to the Ricci scalar evolution determined by the dominant cosmon energy density but not to the field itself. The non-minimal coupling to gravity gives rise to a natural realization of Affleck-Dine baryogenesis which displays, however, some important differences with the standard scenario. On the one hand, it renders heavy the Affleck-Dine field during inflation and prevents the generation of large isocurvature perturbations. On the other hand, the displacement of the Affleck-Dine field takes place only after the end of inflation, where the change of sign of the Ricci scalar leads to spontaneous symmetry breaking and the consequent evolution of the Affleck-Dine field towards non-zero values. The evanescence of the non-minimal coupling at the heating stage gives rise to symmetry restoration and the subsequent oscillation of the Affleck-Dine field around the origin of its effective potential. This generates a net B −L asymmetry, which can be eventually converted into a baryon asymmetry via standard mechanisms.
We emphasize that the framework presented in this paper is not restricted to canonically normalized inflationary models with runaway potentials, but applies to any cosmological scenario involving a post-inflationary era with a stiff equation-of-state parameter 1/3 < w ≤ 1, irrespective of its origin. Particular realizations of our idea can take place, for instance, in quantum gravity inspired models [26, 30, 35] , α-attractor frameworks [29, [36] [37] [38] or braneworld scenarios [65, 66] .
